MgCe alloys exhibit good cold rollability. However, their room-temperature formability is known to be almost the same as that of commercial Mg alloys. In this study, Mg0.2 mass%Ce alloy sheets were processed by repeated high-temperature pre-annealing and subsequent warm rolling. The MgCe alloy sheet processed by pre-annealing at 773 K, rolling at 573 K, and then final annealing at 423 K exhibited a significantly increased Erichsen value of 8.0, which is comparable to the Erichsen values of commercial Al alloys. On the other hand, the reference material obtained by pre-annealing at 673 K, rolling at 673 K, and then final annealing at 423 K had a low Erichsen value of 3.1. The former sheet exhibited a basal texture with lower texture intensity and a larger basal pole inclination angle tilted toward the rolling direction. Extensive twinning contributed to this texture modification. In addition, fewer local deformation bands were observed in this sheet. The preannealing at 773 K, which promoted recrystallization, is thought to have resulted in the annihilation of local deformation bands. It is suggested that the enhancement of the room-temperature formability of the MgCe alloy sheets could be attributed to the synchronous effects of the texture modification and the suppression of the formation of local deformation bands.
Introduction
Mg alloys are promising light-weight structural materials because of excellent properties such as high specific strength and specific stiffness. For their wider application, it is necessary to develop Mg alloy sheets with high roomtemperature formability. However, during rolling, (0002) basal planes align parallel to the rolling direction (RD) transverse direction (TD) plane and an intense basal texture is formed. The resulting rolled Mg alloy sheets exhibit poor room-temperature formability. 1) Recently, it was reported that the minor addition of rareearth elements such as Ce in MgZn alloys is an effective approach for enhancing the room-temperature formability. 2, 3) For example, a rolled Mg1.5 mass%Zn0.2 mass%Ce alloy sheet showed a large Erichsen value of 9.0, which is comparable to that of commercial Al alloys. The enhanced stretch formability is attributed to the formation of a TD-split texture: a split of the basal planes in the TD at about 35°from the normal direction (ND). 35) In addition, it was reported that the minor addition of rare-earth elements in pure Mg also contributes to modification of the deformation characteristics of Mg alloys. For example, the addition of dilute Ce to Mg improved the cold-rolling ability of the alloy, 68) and Mg0.2 mass%Ce alloy extrusions exhibited enhanced ductility at room temperature. 9) However, our previous study revealed that the room-temperature formability of a MgCe alloy sheet rolled at 673 K was about the same as that of a pure Mg sheet, despite the fact that basal texture formation of the rolled MgCe alloy was significantly suppressed as compared with that of the pure Mg processed by a similar rolling procedure. 10) More recently, our research revealed that pre-annealing at approximately 773 K and subsequent warm rolling at approximately 473 K promoted the weakening of basal textures for Mg1.5 mass%Mn alloy sheets, resulting in a significant enhancement of room-temperature formability. The above rolling procedure is considered to promote extensive twinning, which contributes to the suppression of basal texture formation. 11) These results obtained for MgMn alloys suggest that the above rolling procedure might also be effective for MgCe alloys.
In this study, MgCe alloy sheets were processed by a combination of high-temperature pre-annealing, subsequent warm rolling, and final annealing. The room-temperature formability, texture, and mechanical properties of the sheets were evaluated.
Experimental Procedure
A plate with 70 mm in length, 50 mm in width and 3.0 mm in thickness, machined from the as-received rolled Mg 0.2 mass%Ce alloy, was homogenized at 703 K for 86.4 © 10 3 s and subsequently used as the specimen for rolling. During the rolling process, the specimen was first heated at 773 K for 120 s in a furnace. Then, after air cooling, the specimen was heated at 573 K for 120 s and subsequently rolled to a reduction ratio of 24%, during which the roll temperature was maintained at 423 K. The first and second heating steps and the subsequent rolling were repeated until the sheet was rolled to a thickness of 1.0 mm. The sheets were rotated after each pass so that the shear strain could be alternatively introduced. Finally, the rolled sheets were annealed at a temperature in the range 423623 K for 7.2 © 10 3 s. It is noted that the main purpose of the preliminary heating prior to rolling was to promote microstructural changes induced by strain energy. Henceforth, the temperature at which the initial heating was carried out will be termed as the "pre-annealing temperature", and the temperature at which the subsequent heating was carried out will be termed as the "rolling temperature". In addition, the temperature at which the final annealing was carried out will be termed as the "final annealing temperature". Besides, the rolled sheets, of which both the pre-annealing temperature and rolling temperature was set to 673 K, were processed as references. In the paper, the sheet processed by the first and second rolling procedures is called "sheet A" and "sheet B", respectively.
The (0002) plane pole figures of the sheets at the center through the thickness were investigated by the Schulz reflection method. The microtextures of the sheets in the RDND plane were investigated by electron back-scatter diffraction (EBSD) analysis. Also, the microstructures of the sheets in the RDND plane were investigated by optical microscopy.
A circular blank with a diameter of 50 mm was machined from each sheet and polished to 0.9 mm in thickness by using #1200 SiC paper. Erichsen tests were carried out at room temperature using a hemispherical punch with a diameter of 20 mm to investigate the stretch formability of the sheets and the Erichsen value (IE), i.e., the punch stroke at fracture initiation, was measured. The punch speed and blank-holder force were 5 mm/min and 10 kN, respectively. Graphite grease was used as the lubricant. For tensile tests, specimens with a gage length of 12 mm and a gage width of 4 mm were machined from the rolled sheets and polished to 0.9 mm in gage thickness by using #1200 SiC paper. Tensile tests at room temperature were carried out with an initial strain rate of 2.8 © 10 ¹3 s
¹1
, where the angles between the tensile direction and the RD were set to 0°, 45°, and 90°. Additional tensile tests were conducted to investigate the Lankford (r) value. The Lankford value is given by r = ¾ w /¾ t = ¹¾ w / (¾ l + ¾ w ), where ¾ l , ¾ w , and ¾ t are the true strains along the length, width, and thickness of the specimen, respectively. The ¾ l and ¾ w values were measured for specimens deformed to approximately 6% of permanent strain along the specimen length, except the specimens with premature fracture, which were deformed along the 0°and 45°directions to the RD for the sheet B specimens annealed at 423 K. The ¾ l and ¾ w values of the specimens with premature fracture were measured using specimens deformed to approximately 2% of permanent strain along the specimen length.
Results and Discussion
The results of the Erichsen tests for sheets A and B, whose final annealing temperature was 423 K, are shown in Fig. 1  (top figure) . The Erichsen value of sheet B was 3.1, which was almost the same as that in our previous study. 10) In contrast, sheet A exhibited a significantly higher Erichsen value of 8.0, which was almost equivalent to those of 5000 and 6000 series Al alloys.
12) The above results indicate that repeated high-temperature pre-annealing and subsequent rolling at ambient temperature was effective for enhancing the room-temperature formability of MgCe alloys. Figure 1 (middle figure) shows the (0002) plane pole figures of sheets A and B with a final annealing temperature of 423 K. Sheets A and B exhibit clear double-peak-type pole figures, in which the peaks of the basal poles inclined toward the RD by approximately «19°and «16°, respectively. In addition, the basal texture intensity of sheet A (4.6) was a little lower than that shown by sheet B (4.9). At first glance, it seems that the lower texture intensity and larger inclination angle of the basal pole of sheet A contributed to strain in the thickness direction, resulting in enhanced room-temperature formability. On the other hand, our previous studies suggested that a reduction in basal texture intensity of 23 is essential for significant enhancement of the room-temperature formability of Mg alloys [MgMn alloys 11) and AZ31 alloys 13) ]. The above information implies that in addition to the variation in basal texture, an additional microstructural factor was likely to have affected the room-temperature formability in the case of MgCe alloy sheets. Figure 1 (bottom figure) shows optical micrographs of sheets A and B with the final annealing temperature of 423 K. It seems that sheet B had a smaller grain size than sheet A, and extensive twinning occurred in sheet A, although grain and twin boundaries were not clearly observed in either specimen. In sheet B, local deformation bands inclined approximately 30°with respect to the RDTD plane and distributed parallel to the TD axis were clearly observed, indicating that macroscopic shear deformation was imposed on these regions. Omori 7) and Barnett 8) reported that one of the main reasons for the excellent cold-rolling ability of Mg Ce alloys is the reduced formation of local deformation bands during cold rolling as compared with commercial Mg alloys such as AZ31 because local deformation bands often become fracture sites. From optical microscopy observations, number density of local deformation band along the RD in sheet B was measured to be 5.2 © 10 3 m
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. On the other hand, clear formation of local deformation bands was not observed in sheet A. The formation of local deformation bands in sheet A seemed to be suppressed as compared with sheet B. Thus, it is presumed that not only the texture modification but also the suppression of local deformation bands in sheet A contributed to the enhancement of the room-temperature formability.
Inverse pole figure maps and the related image quality maps of sheets A and B with a final annealing temperature of 423 K are shown in Fig. 2 . The boundaries of an 86°f10 12g extension, 56°f10
11g contraction, and 38°f10 11gf10 12g double twins sharing a common h11 20i rotation axis between the twin and the parent grain with a tolerance angle of 5°are indicated in the image quality maps.
14) The f10 12gh10 11i twin is one of the main twins for Mg. Another main twin in Mg is the f10 11gh10 12i twin. An important twin related to the f10 11g twin is the f10 11gf10 12g double twin. The number fractions of 86°f10 12g tensile, 56°f10 11g compression, and 38°f10 11gf10 12g double twins were 3.6, 1.1, and 2.3%, respectively, for sheet A and 3.1, 0.7, and 1.2%, respectively, for sheet B. Although the twin boundaries exhibited the discrete distribution due to the low band contrast around the twin boundaries, 8) it seems that more twin boundaries were likely observed in sheet A.
It is noted that sheet A exhibited a larger average grain size (93.5 µm) than sheet B (60.5 µm). The larger grain size of sheet A was likely due to more intensive grain coarsening originating from high-temperature pre-annealing before rolling. It is known that the grain-size dependence of twinning stress is greater than that of slip stress. 15) This grain-size dependence was likely responsible for the increase in twin boundaries with increasing grain size. In our previous study for MgMn alloys, 11) the repetition of high-temperature preannealing and subsequent warm rolling promoted the formation of extensive twinning, which contributed to the formation of basal textures with low intensities because f10 11g compression and f10 11gf10 12g double twins have high misorientation angles between these twins and the matrix. Besides, Couling et al. 16) reported that the splitting of basal poles toward the RD develops according to the occurrence of f10 11gf10 12g double twins. Thus, it is suggested that differences in the twinning behavior accompanied by differences in grain size are the direct origins of the lower texture intensity and larger inclination angle of the basal pole in sheet A than in sheet B.
The image quality maps in Fig. 2 show more dark regions in sheet B, which are continuously distributed in grains and at grain boundaries, than in sheet A. The dark regions in the image quality maps correspond to low band contrast, which indicates a poor degree of lattice perfection. 8) These areas often correspond to regions of higher dislocation density due to flow localization, 8) namely, the formation of local deformation bands. The image quality maps point out that the formation of local deformation bands was more suppressed in sheet A than in sheet B. It is known that development of local deformation bands promotes local strain concentration, resulting in the formation of fracture sites. 8) Thus, the suppression of the local deformation bands in sheet A is suggested to be another microstructural factor that enhances room-temperature formability.
In order to clarify the mechanisms of suppression of local deformation bands in sheet A, the microstructures of the asreceived MgCe alloy plates before rolling were investigated. Figure 3 shows the microstructures of the as-received MgCe alloy plates after homogenization [ Fig. 3(a) ] and after preannealing at 773 K for 120 s [ Fig. 3(b) ]. Some twins and local deformation bands were observed in the as-received plate after the homogenization treatment. On the other hand, twins and local deformation bands vanished and a fully recrystallized microstructure was observed in the plate after the pre-annealing treatment, regardless of the short preannealing time of 120 s. Our previous research 17) confirmed that recrystallization did not occur at 673 K but it did occur at more than 773 K in the MgCe alloys, although recrystallization was observed at 573 K in the case of pure Mg. The suppression of recrystallization by the addition of Ce in Mg was attributed to the activation of extended dislocations (prismatic ©aª slip) accompanied by an increase in the stacking fault energy. The result of previous research 15) implies that the addition of dilute Ce in Mg plays an important role for determining the recrystallization temperature. The results of Fig. 3 and the results of our previous study 17) indicate that pre-annealing at high temperature (773 K), which was conducted on sheet A, was effective for annihilating local deformation bands and promoting recrystallization. On the other hand, pre-annealing at 673 K, which was conducted on sheet B, was insufficient for promoting recrystallization. Thus, it is demonstrated that the enhancement of the room-temperature formability of sheet A can be attributed to not only texture modification originating from the variation in twinning behaviors but also to suppression of the formation of local deformation bands, which was accompanied by recrystallization during preannealing at high temperature.
The effects of the final annealing temperature on the formation of basal texture and the Erichsen value of the Mg Ce alloy sheets were also investigated, and the results are summarized in Fig. 4 . Figure 4(a) shows the variation in the basal texture intensity of sheets A and B as a function of the final annealing temperature. The basal texture intensity of sheets A and B moderately decreased and increased, respectively, with increasing final annealing temperature up to 573 K. The basal texture intensity of both sheets then exhibits an abrupt decrease up to a final annealing temperature of 623 K. Figure 4(b) shows the changes of the inclination angle of the basal pole toward the RD as a function of the final annealing temperature. The inclination angle for sheet B changed from around 12°to 0°when the final annealing temperature was set to more than 523 K. The abrupt changes in the basal texture intensity and the inclination angle of the basal pole suggest that recrystallization occurred during the final annealing at temperatures between 573 and 623 K. It is interesting to note that the recrystallization occurred in the rolled specimen during the final annealing set to 573623 K, although recrystallization did not occur in the as-received specimens or the rolled specimens during the pre-annealing set to 673 K. The reason for the recrystallization at lower temperatures in the rolled specimens during the final annealing was likely that the period of the final annealing was much longer than that of the pre-annealing. However, a sudden decrease and increase was observed in sheets A and B, respectively, when the final annealing temperature was set to 623 K. The changes were accompanied by a decrease in the basal texture intensity for both sheets. It should be noted that some coarse grains approximately 50 µm in size were observed in both specimens subjected to a final annealing of 623 K, although the average grain size was 15.6 µm for sheet A and 15.4 µm for sheet B. Thus, the deterioration in the Erichsen values observed in sheet A at 623 K could probably be attributed to abnormal grain growth, which may promote the formation of coarse f10 11gf10 12g double-twins as fracture sites.
18) The enhancement of the Erichsen values observed in sheet B at a final annealing temperature of 623 K could be explained by the fact that the synchronous effects of the annihilation of local deformation bands by recrystallization and the texture modification as explained above were dominant as compared with the effect of abnormal grain growth. The lower Erichsen value of sheet B than sheet A at a final annealing temperature of 623 K was likely due to the differences in the basal texture intensity between them.
As shown in Fig. 4(b) , sheet B subjected to a final annealing of 573 K exhibited a large change in the inclination angle of the basal pole, which is evidence of recrystallization. However, the Erichsen value of sheet B was insensible to the above texture modification. One possible reason for this trend was that the deformation microstructure may not have been fully recrystallized at a final annealing temperature of 573 K.
The tensile properties and Erichsen values of sheets A and B subjected to final annealing temperatures of 423 K and 573 K were also investigated and the results are summarized in Table 1 . In sheet A, the specimen final annealed at 573 K exhibited lower yield stress and higher failure elongation as compared with the specimen final annealed at 423 K. This was likely due to annihilation of local deformation bands and work hardening as a result of the final annealing at higher temperature. On the other hand, the differences in r values were negligibly small. This trend was consistent with the results of the Erichsen tests. The same trends in the relationships between the r values and the Erichsen values were also observed in sheet B subjected to final annealing temperatures of 423 K and 573 K. The typical stressstrain curves of sheets A and B final annealed at 423 K are shown in Fig. 5 . It is known that the large strain-hardening exponent leads to a reduction in plastic instability, resulting in enhanced stretch formability.
1) However, sheets A and B exhibited almost the same work hardening behaviors, indicating that the enhanced stretch formability of sheet A is likely independent of the work hardening behaviors.
It is noted that the failure elongation of sheet B subjected to the final annealing temperature of 423 K exhibited much lower values at 0°and 45°than it did at 90°in Table 1 . The deterioration in failure elongation at 0°and 45°was not observed in sheet A subjected to the final annealing temperature of 423 K. As shown in Fig. 1 (optical micrographs) for sheet B subjected to the final annealing temperature of 423 K, local deformation bands inclined approximately 30°with respect to the RDTD plane and distributed parallel to the TD axis were clearly observed. The geometric configuration of the local deformation band in sheet B indicates that the local deformation bands helped fracture propagation along the TD. The fracture propagation along to the TD was likely connected to the deterioration in the failure elongation of sheet B at 0°and 45°.
Conclusions
In this study, Mg0.2 mass%Ce alloy sheets were processed by a combination of high-temperature pre-annealing, subsequent warm rolling, and final annealing. The roomtemperature formability, texture, and mechanical properties of the sheets were evaluated. The results are summarized below.
(1) Sheets pre-annealed at 773 K, rolled at 573 K, and then final annealed at 423 K exhibited a significant Erichsen value of 8.0, which is comparable to the Erichsen values of commercial Al alloys. On the other hand, the reference samples that were pre-annealed at 673 K, rolled at 673 K, and then final annealed at 423 K had a low Erichsen value of 3.1. (2) Sheets pre-annealed at 773 K, rolled at 573 K, and then final annealed at 423 K exhibited basal textures with lower basal texture intensity and basal poles with higher inclination angles towards the RD as compared with the references. The rolling procedure promoted the formation of extensive twinning in the rolled sheet, which contributed to the modification of the basal texture. (3) Fewer local deformation bands, which often become fracture sites, were observed in sheets pre-annealed at 773 K, rolled at 573 K, and then final annealed at 423 K than in the reference sheets. The high-temperature preannealing at 773 K, which promoted recrystallization, probably contributed to the annihilation of the local deformation bands in the sheets. (4) The enhancement of the room-temperature formability of the MgCe alloy sheets pre-annealed at 773 K, rolled at 573 K, and then final annealed at 423 K is likely attributed to the synchronous effects of the texture modification originating from the variation in twinning behaviors and the suppression of the formation of local deformation bands, which was accompanied by recrystallization during pre-annealing at high temperature. Enhanced Room-Temperature Stretch Formability of Mg0.2 mass%Ce Alloy Sheets
